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ABSTRACT
Studies of the effect of pressure on the physical properties 
of the aliphatic and the aromatic aldehydes at pressures from 0 to 20,000 
p.s.i.g. at room temperature were made in a newly designed, compact, easy 
to operate high pressure apparatus. Seven aliphatic and three aromatic 
aldehydes were examined in this work. The properties investigated were 
viscosity and specific volume.
An equation of state and an empirical viscosity-pressure corre­
lation for liquids have been developed. These can be used with a confidence 
level of more than 95%.
The proposed equation of state is
P = r{B(V)}9
where , « -
B(V) = {(V /V) - (V /V) } ando o
r and q are empirical constants and is volume at atmospheric pressure. 
The viscosity-pressure correlation is
n = n exp mP
where
m = b exp aa .
The symbol a represents the number of carbon atoms.
It was found that Thodos' correlation for the prediction of 
viscosity failed in the case of aldehydes and so a new generalized equa-
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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tion has been developed which is
(n-rip)Ç = (epg)^ ^
where "■
Ç = "
a’ and b’ are constants.
= p/pg and
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I. INTRODUCTION
The design of chemical engineering appliances demands the avail­
ability of physical property data of a wide variety of substances. Measure­
ment of such properties is not always possible, and therefore a sufficiently 
accurate theoretical prediction is necessary.
For liquids, the scope of theory is definitely limited, at the 
same time, because of wide gaps in the availability of literature data, 
formulation of a reliable semi-empirical correlation is rather difficult.
It was felt that the development of versatile equipment for simul­
taneous measurements of several physical properties with relative ease is 
needed in this era of greatest technological advancement. It was an objective 
of this project to make sufficient data available to formulate semi-empirical 
correlations for the prediction of physical properties of liquid aldehydes 
at higher pressures.
The properties investigated were viscosity and compressibility. 
Efforts were also made to measure electrical conductivity simultaneously. 
Measurements of these properties were undertaken by numerous investigators 
in the last few years for various organic compounds. But no work has so far 
been reported for aldehydes, which are organic compounds with characteristic 
-CHO groups.
It may be interesting to note that an attempt was also made to 
detect possible reversible or irreversible pressure-induced transitions of 
aldehydes to polyaldehydes (7,l4,15,4o) by noting the sudden changes in the 
physical properties like volume. However, it was observed that the present 
experimental conditions were not sufficient to bring about polymeric transfor­
mations of aldehydes.
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II. LITERATURE REVIEW
A. Liquid Viscosity Data
The effect of temperature and pressure on the viscosity of liquids 
has been studied intensively for many years because of the importance of 
the data both to the engineering and to the fundamental study of the liquid 
state. A complète review of viscosity literature to 1950 can be found in 
Bridgman’s book (8) and his survey article (9). Since then the published 
works have been concerned' almost exclusively with organic compounds.
Viscosity data for organic halides, hydrocarbons and alcohols 
were reported by Bridgman for pressures up to about 30 kb (10). Above this 
pressure almost all liquids that have been studied become solid. The vis­
cosity of all substances, with the exception of water, increases with press­
ure at constant temperature.
Amongst various researchers, Griest et al (19) and Lowitz et al 
(36) have studied various complicated high molecular weight organic com­
pounds purely from the academic point of view and deduced interesting con­
clusions. For example, they found that the more complex the molecule, the 
more marked is the effect of pressure on the viscosity.
Boelhower and Toneman (5) have studied the pressure dependence 
of viscosity for several high molecular weight substituted hydrocarbons 
and a few polymers up to a pressure of 1400 bars.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Babb et al (2) obtained rough viscosity-pressure data for sev­
eral hydrocarbons up to 10 kb at room temperature. The work of Sage and co- 
workers (13, 44, 41) is also primarily based on hydrocarbons and is note­
worthy. Recently Huang et al (25) have done some valuable work on methane 
and propane for pressures up to 5000 p.s.i. and at temperatures from -170°C 
to 0°C.
No work appears to have so far been done on either aromatic or 
aliphatic aldehydes to establish their viscosity or density behaviour with 
pressure.
B. Viscosity Measurement
Most high pressure measurements have been made by modifying the 
rolling ball type viscometer, first used by Flowers (17), or falling cyl­
inder viscometer, used by Lawaczeck (31). Bridgman (11) was the first to 
adopt Lawaczeck's falling body apparatus for viscosity-measurements at 
higher pressures. His timing device was a simple combination of a small 
synchronous 60 cycles motor with an ordinary clock movement, started and 
stopped with appropriate relays. Hersey et al (25) used a rolling ball 
viscometer to a pressure of 4 kb. Later workers have mostly chose either of 
the above two types of apparatus with modifications in timing devices.
Jobbing et al (28) took a fall cylinder containing a magnet 
which induced a transient current in the coll wound around the fall tube. 
The transient current was recorded by an oscillograph and a movie camera 
which gave the fall time.
Heiks et al (23) used a plummet containing radio active cobalt 60 
along with external coincident ionization chambers to facilitate precise
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
time measurement. Carmichael et al (13) utilized a thyraton circuit which 
operated a chronograph, as a function of the position of the ball. Babb 
et al (2) used a lab-scaler as a timing device which produced square waves 
between fall time.
C. Compressibility Measurement
In order to employ density corrections on the measured viscosity, 
knowledge of compressibility is essential. Nonetheless, almost all of the 
previous workers, including Bridgman, did not attempt to determine density 
concurrently with viscosity in the same equipment. Very recently (1966)
Huang et al (25) measured viscosity and density concurrently. However, their 
presentation fails to clarify the experimental procedure utilized by them.
D. Liquid Correlations
Because of the anomalous nature of the liquids, generalized co­
rrelations for predicting their properties are difficult to establish.
The growing importance of high pressure physical properties of 
liquids has led many workers (29,32,50,49,16,45,46) to develop reduced 
correlations, which seem to be rather promising. One of the most discussed 
equations is due to Thodos and co-workers (29), which is
» (n-n )K = (23.13 exn 1.079 p„-25)xlO"^ (ll-l)O n
c c
and is the viscosity at atmospheric pressure. All the other terms have 
usual significance, given under nomenclature at the end of this thesis.
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III. GENERAL THEORY
The viscosity behaviour of liquids is quite different from that 
of gases. Moreover, the mechanism of momentum transfer in liquids is not 
completely understood. The present work is not primarily concerned with 
the basic theory of viscosity behaviour of liquids but rather with the 
measurement and correlation of such data.
The main interest of this project is the development of a simple 
but accurate high pressure apparatus of the falling weight-piston dis­
placement type. It is desirable to indicate the theory behind such equip­
ment .
A. Theory of the Falling Weight Viscometer '
Lawaczeck (31) and later Heinze (24) have studied in detail the 
theory behind the falling weight viscometers. According to Lawaczeck, 
there are three distinct resistances to the fall of the plummet through 
the liquid. These can be enumerated as:
(1) The resistance which results from the liquid flowing through 
the plummet and the fall tube
(ii) A viscous drag resulting from relative movement of the two 
cylindrical walls
(iii) A head resistance caused by the formation of stream lines.
The effect of head resistance can be lowered to a negligible 
value by using a long plummet and a very small clearance between the 
plummet and the fall tube.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
The following equation was proposed by Lawaczeck for calculating 
absolute viscosity.
„ _ t(o-p) { 5^d . I (III-l)
c I 9
'3(d+26) +46 '
After a little simplification the above equation was used by Heinze (24) 
and later Jobling (28) for absolute viscosity measurement up to a pressure 
of about 420 atmospheres.
The simplified form is as follows:
n - (ni-2)
n = K(o-p)t (Ilx-3)
6S
= instrument constant.
The expression for Reynolds number is as follows:
where
and S is the flight length of the plummet.
^ 4(%p2/4-nd2/4) 
e nD+nd
= D-d 
= 2b-d .
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Diagramatic Representation of the Dimensional 
Terms Used in Eqn. III-l
Fall tube— >■
Plummet
C/J r4
FIGURE 1.
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Hence
= 2(a-b) 
= 26
B. Reduced State Viscosity
Following Abas-Zade’s (29) proposed correlation between residual 
thermal conductivity and density of liquids, Thodos and co-workers have 
tried to find a similar correlation for residual viscosity with fairly 
reasonable success. They proposed that the residual v i s c o s i t y , o f  a sub­
stance can be dimensionally related to its critical properties, in which 
case,
q-q = =T® v^. (III-6)o c c c
Upon dimensional analysis, the values of the exponents are 
found to be
a *= d d *= d
b = 1/2-d e = 1/2
c = -1/6-d-f f = f.
Using these exponents equation (III-6) can be written as
(n-n,)E = 6Z^  p”. (HI-7)
Thodos and co-workers have found that in the range 0.3^^^2.0, 
the following relationship fairly accurately represents the data avail­
able in the literature.
(q-q^)Ç = (23.13 exn 1.0T9 p_, - 25) x 10“  ^ (III-8)
O n
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Later in this thesis, the comparison of this equation with pres­
ent data will be made to check the validity of this equation,
C. The Equation of State
Bridgman (8) tried various P-V-T relations for a large number 
of liquids he studied. Beside his polynomial equation, he found a very 
simple relation between pressure and volume to be approximately true for 
liquids up to even 9 Mb,
AV = -b In P + C (III-9)
For twelve liquids, the constants in the above equation were established 
to be:
AV = -0.1 In P + 0.602 (III-IO)
The equation (TII-9) can also be extracted from the Tait equation (A) 
which has the form,
v - v  - c'log{(B + P)/(B + P )} (III-ll)
where B and c' are constants.
Surprisingly Khoubesserian (30), and later Sood (48), both 
apparently ignorant of Bridgman's well-known equation, found the same 
to be valid for solids at pressures up to23 kb. Khoubesserian studied 
organic polymers whereas Sood studied inorganic hydrates. These researc­
hers used the following form of Bridgman's equation,
- AV/V = a + b In P (IIX-12)
o
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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In the present case, however, though Bridgman’s equation was found to 
hold only approxikately, a better correlation is called for.
Griest et al (19) tried to adopt the semi-emperical equation,
n - A exp (B/RT) (lH-13)
to their viscosity-pressure data. The above equation can be written as
log(n/n^) = (B-B^)/(2.303RT) (HI-14)
where n and B refer to the values at elevated pressures. They suggested
the following relation of B with specific volume;
U P
B(v) = b'/v - a'/v (HI-15)
where „
t'= a'Vo '
and a' is a constant. This follows from the Lennard-Jones intermolecular 
potential function (33), which is
<j> = r"^ + Cg (III-16)
The above considerations resulted in the following equation:
In (n/n ) = K/T {(v^ / v^) - (v^ / v^)} (HI-17)o o o
= K/T B(V)
The equation (HI-17) fitted the data of Griest et al in an excellent 
manner.
Now, in the present case, a semi-emperical equation
n = Q exp SP (S=constant) (HI-18)
i.e.
In (n/n ) = S(P-P ) (HI-19)o o
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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has been found to fit the experimental data for aldehydes rather well and 
hence it has been expected that a linear correlation should exist between 
pressure and volume function B(V). Equating equations (lH-19) and (III-IT) 
the pressure volume relationship can be presented as
P = P + K'{(V / V)^ - (V / V)^} (III-20)
o o o
or
P = P + K'B'(V) . (HI-21)o
Where
K* = K/ST ,
and h 9
B'(V) = (V^ / y)* - (V^ / Yr .
Now if the reference pressure << P, one can write
P = K* B'(V) . (III-22)
which is the proposed equation of state for liquids. The constant K ’ is
expected to depend on the temperature and on the nature of the liquid 
concerned.
It will be found in the later part of the thesis that the above 
equation of state agrees well with the experimental results.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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IV. EQUIPMENT AND PROCEDURE
As indicated in Chapter II, the most widely used viscometer 
was that of Lawaczeck, adopted by Bridgman for higher pressures. Previous 
workers generally used piezometers (6) for compressibility measurements.
Ifhereas viscosity and specific volume used to he measured by 
separate instruments, the present equipment was designed to measure them 
in a combined apparatus and is - referred to as visco-compressibility 
meter (Fig. 2). A detailed description of the equipment follows.
A. Pressure Generation and Measurement
Pressure was generated in the equipment by a hydraulic pump, 
manually operated. The pump was obtained from Black-Hawk Industrial Pro­
ducts Co., Wisconsin. The rated pressure of the pump was 40,000 p.s.i., 
with usable oil volume of 30.T cu. in.
The oil pressure was measured by a Heise Bourdon gauge. The gauge 
could read up to a maximum pressure of 20,000 p.s.i., and had graduations 
of 5 p.s.i.
B. The Viscometer
This consisted of l) a fall tube, 2) plummet, 3) a pair of elec­
trical connectors and 4) a pair of plugs, and are described below.
1. Fall Tube
The length and the internal diameter of the fall tube was
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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•<
Timary Pump
■«-To Secondary Pump
A - Viscometer P = Plugs
B = Compressibilitymétèr T = T-Joints
C = High Pressure Gauge V = Valves
FIGURE 2. Details of Visco-compressihilitymeter Assembly
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152.529^ cm. and O.^TIO * 0.00385 cm. respectively. The material of cons­
truction was stainless steel, type 30^ (Fig. 3).
2. Plummet
The design of plummet was based on experience gathered during 
test runs with steel balls and solid steel cylinders of arbitrary dimensions. 
Essentially the type of plummet used was a thin hollow steel cylinder of a 
uniform outside diameter of 0.1+3688 cm. having smooth rounded forced-fitted 
caps at both ends (Fig. 3). The body of the plummet was carefully polished 
by usual methods and finally with chamois leather to give it a smooth 
glassy finish. Bridgman (1926) used sinkers with three small projecting 
lugs as guides to keep the cylinder coaxial during its fall, and also to
maintain electrical contact with the wall of the tube as a necessary fea­
ture of his timing device. Eventually the lugs introduced some errors in 
absolute measurements and were omitted in the present case. Instead, modi­
fied electrical contacts were used.
Moreover, it was found with the help of a stethoscope that the 
plummet did not contact the wall and it was therefore assumed that the plu­
mmet landed coaxially without the aid of the lugs.
The optimum clearence between the plummet and the fall tube was 
determined by the range of viscosity studied. A compromise between the 
len^hof the plummet and the clearance was made.
3. Electrical Contacts
Electrical contacts were constructed to get electrical signals 
at the top and at the bottom of the travel of the plummet. They were made 
out of hollow, very thin walled stainless steel tubes and were designed
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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A. Fall Tube
i-IICVJ<n
ITS
Details of the Fall Tube and a 
Fall Cylinder
B. Fall Cylinder
o
rrl
.17 -?^^ffressure Joint) 
“Addit|.o^l Weight
^^a®^Pr|fsure Joint)
iV' N.T.P., 19 threads per inch
~ 3/16 "
~ 9/16 " 
FIGURE 3 .
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so as not to hinder smooth passage of liquids into the viscometer. The 
bottom connector is shown in Figure I», It has a positive and a negative 
pole. The negative pole was connected to the viscometer wall by an ordi­
nary phosphor bronze spring. The positive part was kept electrically insu­
lated from the rest of the viscometer and was connected to the inner steel 
cylinder of the lower plug (Fig. 5), through hair pin shaped phosphor 
bronze spring. The tip of the connector was made very smooth and slightly 
concave in order to make a seat for the plummet and to facilitate good 
connection at both positive and negative ends.
U. Plugs
The viscometer tube was closed at the top end by a plug through 
a reducer coupling. The bottom end ran into a narrow pressure tube through 
another reducer which went into one leg of a T-joint. One of the other two 
legs went to another T-joint which was connected to a secondary pump and 
the compressibility meter (Fig. 2). The last of the three legs was closed 
by a plug through which a copper wire ran into the main tube of the visco­
meter. The electrical connections required that the wire passing through 
the metal plug be insulated from it. This created a problem of leakage. A 
specially designed plug was therefore used.
The sectional elevation of the plug is shown in Figure 5* A hole 
of 3/32" diameter runs through the base of the plug which widens a little
above the lower end of the collar where a paper base polyphenol disc with
1/6U" diameter hole at the centre sits and supports a solid cylinder insu­
lated from the rest of the plug by Teflon packing.
Paper base polyphenol has a compressive strength of 36,000 p.s.i.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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Details of the Connector
Teflon Ring
■Phosphor Bronze Spring Sonneting 
The Tube Wall
•Stainless Steel Connector Tube
Phosphor Bronze Spring Connecting 
Wire to the Connector Tube Wall
Teflon Insulation insulating the 
Connector from the rest of the 
Viscometer
Teflon Spaghetti to Protect and 
Insulate the Copper Wire
Copper Connecting Wire;
FIGURE k.
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Sectional Elevation of a Plug
VO
H
r i
Solid Steel Cylinder 
Teflon Packing
Paperbase Polyphenol 
Disc
Stainless Steel Plug
Teflon Spaghetti
Connecting Wire
FIGURE 5.
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as shown in tests conducted prior to use. The copper wire which runs thro­
ugh the plug was soldered to the groove at both ends of the steel cylinder. 
The wire was insulated with a Teflon spaghetti which also had the purpose 
of protecting the wire from corrosive liquids.
C. High Pressure Fittings
All the fittings and tubings used were standard,' made of 30l+ 
stainless steel and supplied by Autoclave Engineers, Erie, P.A., U.S.A.
They were all rated for use up to a pressure of 30,000 p.s.i. The high 
pressure tubings used for connecting viscometer and the compressibility 
meter with the pumps and the gauge had an I.D. of O.O83" and an 6.D« of
0.25".
D. Compressibility Meter
This consisted of a I6” long, 0/16" O.D.,1/U" I.D., stainless 
steel (type 3l6) tube with cap-collar-gland assembly at both ends. Inside 
the tube there was an AMPCO piston-ALNICO magnet assembly soldered together. 
The piston had two circular grooves for rubber 'O' rings to prevent mixing 
of oil and the liquid samples. After every run the 'O' rings had to be 
replaced because of corrosion and erosion of the rings.
Outside the compressibility meter tube there was a magnet-pointer 
assembly. This was fitted on a pivot in a rectangular plexiglass box with 
slots which could slide hack and forth along a graduated scale on the tube. 
The pointer used to indicate the positions of the piston to 1/10 th of a 
millimeter rode on an ALNICO magnet. The magnet was magnetized, along the 
length and had a sharp pointed nose.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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E. Electrical Circuits
The pulse network designed for operating the counter during the
flight of the plummet is very simple, containing a 0.1 yF capacitor and
a 1 Kn resistor in series with a 9 volts D.C. power supply. The electronic 
counter to which pulses were fed for measurement of time interval was 
from Hewlett-Packard company. The time constant of the circuit was of the 
order of micro-seconds. The electrical setup is shown in Figure 6.
F. Source of Chemicals
Materials used in the experiments were all white label A.C.S 
grade highest purity organic aldehydes supplied by Fisher Scientific Com­
pany. Some of the chemicals were supplied by Eastman Kodak Company.
G. Loading the Equipment
As most of the aldehyde vapours are very harmful to the respira­
tory system, extreme precautions were taken during the loading of the
equipment.
The secondary pump which was used to inject liquids into the 
visco-compressibility meter was first filled to its usable volume in a 
fume closet. Then the pump was quickly joined to the liquid entrance line. 
All the joints of the apparatus were kept loose at this moment. The piston 
of the compressibility meter which separates the high pressure oil and 
the organic liquids was brought to the sample end of the compressibility 
meter and the valve (Fig. 2) adjacent to the gauge was tightly closed. 
The sample liquid was then pumped into the apparatus from the secondary 
pump and was allowed to flow out of the viscometer through its top for 
about two minutes. All the joints which were kept loose during liquid
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Details of the Electrical Connectors 
and Accessories
A. Magnets F. IKn Resistor
B. Viscometer G. Electronic Counter
C. Plummet H. O.lpF Capacitor
D. Connector I. A.C.Power Supply
E. Plug J. D.C. Power Supply
o—
o—
FIGURE 6
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Injection to eliminate air pockets were tightened slightly. The main pump 
was opened, to the atmosphere and the valve was also opened so as to 
facilitate injection of liquid into the compressibility meter. When this 
was done, liquid entrance valve from the secondary pump was closed tightly.
The main pump was then closed from atmosphere and a pressure of 
2,000 p.s.i. was built up in the apparatus. Next all the reducer and T- 
joints were well tightened, the pressure was brought back to atmosphere 
and the experiment was started. The whole loading operation took about 
25 to 30 minutes.
Polyvinyl disposable rubber gloves and a respirator mask was 
used when handling liquids. The cartridge used in the respirator could 
absorb up to about 0.1# of organic vapour by volume. In the case of extre­
mely poisonous liquids at pressures higher than 10,000 p.s.i. a plastic 
shield was used to protect the face.
H. Test Puns
Before starting the actual experiment with the aldehydes, several 
test runs were made with various liquids of known viscosity:to examine the 
accuracy of the instrument. Plummets of different dimensions (diameters 
ranging from 0.130” to O.I80" and lengths ranging from 0.5" to L.5") were 
tried to find the optimum pluram.et size for the range of viscosity expected. 
It was discovered that plummets with smaller clearances and larger lengths 
gave more accurate results than plummets of larrer clearances and smaller 
lengths. Finally a plummet was chosen for the experimental purpose which 
had 1" length and 0.172" diameter (i.e. clearance of O.OO6") and which gave 
the best results among the ten plummets tried.
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Dry Nitrogen Supply 
from the Cylinder
To Sample Line ->
FIGURE 7• Details of the Bomb Used to Replace 
the Secondary Pump in Special Cases
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Test run data of benzene and carbon tetrachloride agree to three 
significant figures with data of Jobling and Lawrence (28) and also with 
that of Smithsonian values (kj). Extreme care was necessary in measuring 
the necessary dimensions of the apparatus.
In case of highly volatile and poisonous liquids, the secondary 
pump was actually replaced by a stainless steel and aluminum bomb (Fig. 7) 
which was specially designed for working with liquids (aromatic aldehydes) 
that are oxidized by atmospheric oxygen.
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V. DATA REDUCTION AND RESULTS
Processing and analysis of data was carried out on an IBM l620 
II computer. A Galcomp 656 plotter was used for making initial plots
A.I. Treatment of Viscosity Data
The time interval between the start and the stop of the plummet 
was noted by an electronic counter. For each pressure at least 10 flight 
times were recorded and the average value was used for calculation of vis­
cosity.
A.2. Viscosity-Pressure Correlation
Regression analysis of the viscosity pressure data gave an ex­
cellant correlation of the form
In (b/Bq ) = In P
i.e.
B = Bp exp mP (V-l)
where m is a constant dependent on the nature of the substance and the 
temperature and P is given in p.s.i.
The values of the constants and the coefficients of correlation 
for all the compounds are given in the Table-I. The average value of the 
coefficient of correlation shows a level of significance of 5%, that is 
a confidence level of 95^ (39).
B.l. Treatment of Compression Data
168122 
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Linear compression obtained from the compressibility meter was 
converted into volume compression by multiplying it with a factor of
0.31653. This corresponds to the volume of each centimeter displacement 
of the piston in the compressibility meter.
B.2. Pressure-Volume Correlation
The pressure volume data was'also analyzed by computer by the 
method of least mean squares which resulted in a virtually perfect corr­
elation of the following form.
In P = In r + q In B(V)
or
P = r{B(V)}9 (V-2)
In equation (V-2) r and q are constants and B(V) is a volume function
given by
B(V) = {(V^ / V)^ - (V^ / V)2} (V-3)
Results of statistical analysis for both aliphatic and aromatic compounds 
are given in Table-II. The average coefficient of correlation shows a level 
of significance above 95%.
C.l. Critical Properties
The critical properties were estimated by methods involving the 
least quoted errors. It may be pointed out that Thodos' methods for cal­
culating critical constants gave greater percentage errors than those used 
and enumerated in Table-Ill.
The constants 8,$,^ in Table-3 are calculated from the structure 
of the organic compound by a building block method (It2). Table-IVjhows all
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
28
>
"te
,9
§-H
taM
I
%,
4-,
«M
g
ci
-g
I
I
CM CM m CE\ Ch J- te- VO lA
0\ E - o CO lA E- 0\ O n VO r4
E- fO CJN o \C lA H CO te lA
t- o <?\ c CO CM on VO CC VO
CM H H H CM CM CM CM CM
CO O '. On O te CO ON o. ON On
O n On ON lA On ON C \ ON ON ON
O n ON ON On ON O'. On ON O ' ON
On ON On CTn ON ON ON ON On ON
O O O O O o O o O o
O m CE. te CM CM lA te - E- v c
lA On CO o m VD O E - co 00
O '. ON lA en ON lA CM te rH
0\ rH CM rH ro LA On O CM
o H H rH H rH H H CM CM
H H H H rH H rH rH rH H
E— On O VD te te VD On O n CE
CO te ON E - 00 t - H VO rH rH
IA \ CM t - lA CM te lA VD CO E
O C O O CM O o O O rH
H H rH H H rH rH H H H
CJ
ta
E
CJ CJ O te
•C •ü X) CJ
0 Es Es Es ■o
"O te te te rH
Es 0) CJ CJ o ta
o te X} x i CJ ta CJ CJ e
na 4) Es rH rH •O H ta ta ta
Es ■O te ce ca Es < E E te
te rH 0) k k te te te te
<u ta XI Es CJ CJ ü o o te
XI c r j te rH <0 te ta ta CJ
H o (Ô 3 ta rH H rH H 1ea te k pq t> ta E ta «a 05
te A Es 1 1 te k N M te
CJ O te o O te te te te ce
o k 0 w <0 CJ ta CJ te k
< te tel M M te CJ te < E-t
Reproduced with permission of the copyright owner. Further reproduction prohibited w ithout permission.
TABLE-III
29
Pronerty Method Formula Quoted
Errors
(Critical Temperature) Reidel-Guldherg
(%3)
T = T./e
C D
0 = 0.57%+ZA
T
1.1%
P (Critical Pressure) Lynderson
(37)
p _ . M
c" (<f> + 6.3k)2 3.;
(Critical volume) Lynderson
(37)
V^= Base value + 2.1%
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the necessary critical and other constants used in the following section.
Q,2, Residual Viscosity-Density Correlation
The residual viscosity and reduced density values were calculated 
from the estimated values of critical constants given in Tahle-IV. An att­
empt was made to find the constants of Thodos' Dimensional equation (Ch. 
Ill) in light of data available for aldehydes. The exponent of the compre­
ssibility factor was assumed to be unity.
Cn-n^)ç = BZgPp . (V-U)
Combining into one constant k,
(n-n^)ç = kpp. (V-5)
The equation (V-5) was tested statistically using data of all the compounds 
together to obtain results given in Table-V. The correlation factor indi­
cates a very poor confidence level.
The generalized equation can be presented as
In (n-n )C = n In p„ + Ink (V-6)
O n
or
i.e.
In (n-n_)S = 32.9375 In p„- U8.5658
O n
(n-n^)ç = exp (32.9375 In p^- U8.5658} (V-7)
Data of individual compounds treated separately gave a confidence 
level below 95%. Results can be found in Table-VI.
D.l. Temperature Correction for Density
As the temperature variation is small, from 69 to 8%°F, a linear
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TABLE-V
n = 32.9375
In k = -U8.5658
Coefficient of Corre- 
-lation = 0.6056
Mean In = 1.19916
Mean In (n-n )K = -9.0685 o
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relation between density and temperature was assumed.
p = C + DT (V-8)
The constants were evaluated from atmospheric density data (Fig. 8) obtai­
ned with Sergant’s modified Sprengle density meter at three different tem­
peratures. Such a type of density meter is used for volatile substances. 
The values of C and D are given in Table-VII.
D.2. Temperature correction of Viscosity
The well known exponential correlation was used to account for 
the temperature variation of viscosity. Atmospheric viscosity at three 
different temperatures was obtained by using a Hoeppler viscometer.
n = A exp B/T (V-9)
The estimated values of the constants are given in Table-VII. It was 
assumed that the constants A,B,C.and D are independent of pressure. Graphi­
cal presentation of data can be found in Figure 9*
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VI. DISCUSSION OF RESULTS
Aè Indicated previously both aliphatic and aromatic groups of 
aldehydes were studied for volume and viscosity changes with pressure 
from 0 to 20,000 p.s.i.g. Combined results of both the groups were pres­
ented in the previous chapter and will be discussed here separately.
It should be pointed out that all graphs presented in this cha­
pter represent the average of several runs. Since the experiments were 
carried out at room temperature which used to vary within ±5°F, an average 
temperature had been noted during each run.
The effect of temperature on viscosity and density at higher 
pressures was assumed to be the same as that at atmospheric pressure.
This was a reasonable, though not perfectly accurate assumption.
In' some cases it was observed that viscosity and compressibility 
of the liquids was time dependent at higher pressures, possibly because 
of certain changes in molecular structure. In those cases an average flight 
time was calculated and recorded. Error due to this effect was well below 
2%.
The Reynolds number during the experiments never exceeded 72 and 
fell in a range of 0.05 to 72.00 in contrast to Heiks et al's average 
value of 100 (22). Hence in the present case, the assumption that the 
plummet was at its terminal velocity immediately after it’s release from 
the top of the viscometer may be assumed valid.
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Data were noted for both ascending and descending pressures but 
only ascending pressure data are reported. Difference in ascending and 
descending pressure data indicate themarked bysterisis of the Bourdon pre­
ssure gauge used in the experiment. An example of such hysterisis can be 
found in Figure 18. In case of doubtful results, experiments were repeated.
A. Aliphatic Aldehydes
Seven members (Cg-Cg) of the aliphatic aldehyde homologue were 
studied at pressures upto 20,000 p.s.i.g. The results will be discussed 
under viscosity and volume heads as follows.
1. Viscosity-Pressure Correlation
Viscosity of all substances with the exception of water (8) 
increases with pressure at constant temperature. Unlike most of the other 
physical properties its rate of change increases as the pressure increases. 
Figure 10 shows the effect of pressure on viscosity of aliphatic aldehydes.
It is to be noted that greater the chain length of the compound, 
the greater is the rate of change of viscosity with pressure. The convexity 
towards the pressure axis of to compounds is very small,in fact 
compounds (both normal- and iso-) has almost linear isotherms, whereas C.^ 
and Cg compounds have marked convexity towards the pressure axis.
It should be pointed out that whereas the boiling point of ace- 
taldehyde is 21^C, its viscosity measurements were carried out at a tem­
perature of 22°C. This may have some influence on the viscosity-pressure 
relation which appears to be fairly linear in Figure 10 but is not actually 
so in a very enlarged scale given in Figure 11. Here one may note a marked
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concavity of the curve towards the pressure aocis.
However, on a semi-log paper, a plot of all compounds shows a 
linear relation between log n and P. This was also indicated by Hamann (20) 
in 1957 as an approximate'general rule for all liquids (Fig. 12).
The correlation is
In (n/n^) = mP.
or
n = Pg exp mP (VI-l)
values of ra were calculated and given in Table-I, chapter V. The correla­
tion factors indicate a confidence level of 95% which is reasonably good.
The isobaric variation of viscosity with number of carbon atoms 
may be found in Figure 13. It has been found that log of the constant m 
of the equation (VI-l) varies linearly with pressure (Fig. ih). Hence one 
can replace the constant m in the above equation by the expression
m = b exp aa (VI-2)
where a is the number of carbon atoms, a and b are empirical constants.
2. Pressure-Volume Correlation
Isothermal linear compression of aliphatic aldehydes is plotted 
against pressure in Figure 15* The nature of the curve depends on the chain 
length of the compound concerned. As expected, the liquids become less com­
pressible as the pressure increases.
The usual procedure of presenting the compressibility data is 
through a plot of - AV/V^ x 100 versus P, as in Figure l6. The nature of
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the compressibility curves is similar to that of the compression curves 
given in Figure 15» for obvious reasons.
As the theory suggests (Chapter III, Section c)» there should 
be a linear relation between the volume function B(V) and the applied gauge 
pressure. In practice it was found that the relationship,though not exactly 
linear, is nonetheless very close to the same. The plot of In B(V) versus 
InP is shown in Figure 17.
The correlation can be given as
P = r {B(V)}S (VI-3)
where r and q are constants and
B(V) = {(V^/V)**-(V^/V)^}
The average value of the constant q for all the aliphatic compounds is about
1.'05. The constant r was found to be dependent on the nature of the subs­
tance and the temperature. Correlation factors found in Chapter V shows 
a confidence level well above 95^.
B. Aromatic Aldehydes
Comments on the general nature of the aromatic aldehydes are di­
fficult to make as only a few of them were studied. The main difficulty 
associated in experimenting with them was their slow oxidation in the pre­
sence of iron or copper. Later, for this reason, a nitrogen atmosphere was 
used above the bomb. The nitrogen pressure also helped in the injection of 
the liquid into the sample line (Fig. 7)«
The oxidation of benzaldehyde was prevented by addition of 0.001%
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of hydroquinone. It was observed that this minute amount of hydroquinone 
had no observable effect on the viscosity of benzaldehyde.
A marked change in the nature of salicylaldéhyde was noted after 
the experiment and so its viscosity data cannot be considered completely 
reliable. Trans-Cinnaraaldehyde demonstrated a very slow change into cinna­
mic acid, probably increasing its viscosity.
1. Viscosity-Pressure Correlation
Because of their structural complexity (cf. Sec.2 below) pressure effect 
on viscosity of the aromatic aldehyde is much more pronounced than that 
on the viscosity of their aliphatic counterparts. Figure l8 shows the eff­
ects of both ascending and descending pressure on the viscosity of benzal­
dehyde. The effect of gauge pressure on the viscosity of anisaldehyde and 
trans-cinnamaldehyde can be found in Figure 19.
The exponential behaviour of the viscosity with pressure was also 
found to be true for aromatic aldehydes. Correlation factors for these are 
even better (Chapter V). A plot of log viscosity against pressure can be 
found in Figure 20.
2. Pressure-Volume Correlation
The benzene ring in the structure of the aromatic aldehydes pro­
bably imparts resistance and stability towards the application of pressure. 
Compression and volume changes in these cases are less pronounced as the 
compression and compressibility curves in Figures 21 and 22 flatten out 
comparatively quickly.
The equation of state which had an excellent fit with the aliphatic
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
51
3.2
2.8
2.1*
A,
ü
O
2.0
1.6
on
-ê
^  1.2
0.8
0 .1*
0.0
— 0 —  0—  = Ascending Pressure 
= Descending Pressure
8 12 20
P X 1000 (p.s.i.)
FIGURE l8. Gauge Hysteresis in Viscosity Measurement 
of Benzaldehyde
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
52
15
11*
13
12
11
10
A
ü
0)
Io(0
-§c
o = C,H^CH=CHCHO 
D 5
e = k_CH OCgH^CHO
J L
1* 8 12 16
p X 1000 (p.s.i.)
20
FIGURE 19. n versus P at Room Temperature
(Aromatic Aldehydes)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
53
VO
•H
•H
en
VD
M
m
o olA
d o oo oiH
bC
•H
m
fX
o
8
;
tnM
b
S
K
-p^
•H
OO
CO
o
OJ
M
g
g
"ë
k
I
g
K
Ü/Ü
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3h
§
g
•H
CO
CO
I
(U
c
I 
I
to
M
CgH CHO 
k-CH OCgR^CHO
CrH^CH=CHCHO
7
6
5
U
3
2
1
0
l6k 8 20120
P X  1000 (p.s.i.g.)
FIGURE 21. Compression Diagram for Aromatic Aldehydes
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
55
o
o
><
12
CgH CHO
U-CH^OCgHj^CHO
C,H^CH=CHCHO
10
8
6
k
2
0
k 8 16 20120
P X 1000 (p.s.i.g.)
FIGURE 22. Compressibility Diagram of Aromatic Aldehydes 
at Room Temperature
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
56
0.30
A = CgH CRO
a = It-CH^OCgH^CHO
O = C,HrCH=CHCHO
0.20
0.10
0.05
0.02
0.01
201052
P X 1000 (p.s.i.g.)
FIGURE 23. B(V) versus Pressure for Aromatic Aldehydes
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
57
P-V data was found to hold for aromatic aldehydes as well. The statistical 
fit of data is excellent. A plot of B(V)-P on a log-log scale is given in 
Figure 23. Slopes of the curve appear to he dependent on the nature of the 
compounds.
C. Reduced Property Correlation
The theory of Thodos and co-workers suggests an excellent corr­
elation between residual viscosity and reduced density. The values of 
(n-n^)Ç and were calculated for all compounds and plotted on a log-log 
scale which resulted in a straight line with reasonable scatter (Fig. 2U). 
The equation of the straight line may be given by
(n-n^)ç = exp (32.9375 In - *18.5658)
which is comparable to Thodos' correlation
(n-n^iS = (23.13 exp 1.079 Pp - 25)xlO~^
Both these equations were used to predict viscosity of different aldehydes 
and the values compared with the experiment. Both of the above equations 
seem to be very poor in predicting viscosity values of aldehydes.
However, it may be suggested here, that inclusion of another 
variable , like molecular weight may improve the situation for a generali­
zed correlation. We had
(n-n^)ç - kpg
Now, Figure 25 suggests that n is a linear function of molecular weight M. 
So we can write
n = a^ + b^M.
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The values of and h^ for aliphatic aldehydes are l6 and 2.2 respective­
ly. Again, Figure 26 shows, k is an exponti'ally decreasing function of n 
which in turn is a function of molecular weight M. Therefore,
n = m* In k + C
or
k = exp(C~n)/m’
values of C and m' can he found from Figure 2h to he h,3 and 0.757 respec­
tively. Hence,
k = exp (15.2 - 2.9M).
Which gives
or
(n-n^)ç = exp (15.2 - 2.9M) X
(n-n^)ç = {ep}®’ ^
The values of a' and h' should of course he verified-experimentally for 
other compounds.
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VII.' CONCLUSIONS
The visco-compressibility meter designed and developed in this 
project may he found useful in industry. The main advantage of this instru­
ment is that the density which is essential for viscosity measurement can 
he readily obtained in the same apparatus.
The three equations
i) Pressure-Volume 
ii) Viscosity-Pressure 
ill) Residual Viscosity-Density
developed in this work seem to he promising for liquids and can he safely 
used in the design of chemical engineering appliances within the range of 
pressure studied.
Thodos’ equation for predicting liquid viscosity was found to 
he incorrect for aldehydes.
Though low molecular weight aldehydes were expected to undergo 
polymeric transformations (either reversible or irreversible), and thus 
show sudden change in viscosity or volume.(i8), it was noted that the experimen­
tal conditions were not suitable to bring about any observable transition.
It was felt that by a more careful design it would he possible 
to measure the change in the electrical resistance of a liquid with pre­
ssure in conjunction with viscosity and volume measurements.
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As measurements of any physical property requires careful and 
accurate control of all the variables involved, in any future extension 
of this work temperature should be controlled very accurately. This would 
demand a separate chamber with accurate heating and refrigeration units.
If a Jacket is desired, a better plummet lifting device is essential.
The equipment should be redesigned for higher pressures to detect 
transitions beyond the present pressure range. This requires a dead weight 
gauge as the usual Bourdon gauge has its inherent hysterisis.
Experiments should be carried out with aldehyde-water mixtures 
because there is tendency of aldehydes to polymerize by the reaction:
HgO + n R-CHO ^ H0(CHR:0)^H.
(Pressure)
Study of this reaction with different aldehydes may turn out to be extre­
mely interesting.
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VIII. NOMENCLATURE
A,B,C,D, =" Constants of equation(V-8) and (V-9)
U ?
B(v ) = Volume Function, {V^/ V) - (V^/ V) }
D = Diameter, cm.
K = Constant of equation (III-IT)
M = Molecular Weight
Np^ = Reynolds Number
P = Pressure, p.s.i.g.
R = Radius, cm.
S = Flight distance in equation (lïï-b), cm.
T = Temperature, °K
V = Volume, cc.
Z = - Compressibility Factor
a,b = Constant in equation (VI-2)
k = Constant in equation CV-6)
1 = Length of the plummet, cm.
m = Constant in equation (VI-2)
n = Constant in equation (V-5)
q,r = Constant in equation (V-2)
V = Specific Volume, cc./gm.
Subscripts
c = Critical
e = Equivalent
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o = Under atmospheric Condition
R = Reduced
Greek Letters
a = Number of Carbon Atoms in equation (VI-2)
0 = Constant in Reidel-Guldberg equation
6 = Clearance between the plummet and fall tube,cm.
= Constants of Lynderson's equations 
Ç = Constant of Thodos equation,
n = Viscosity, cp.
p = Density, gms./cc.
K = Constant of equation (XII-3)
0 = Sp. Gr. of plummet
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X. APPENDIX
I. For a ready reference to the reader pressure and viscosity
units and conversion factors are given below which have been used throu­
ghout this thesis.
6
1 bar = 10 dynes/ sq. cm.
= 0.987 atms.
= 1.019 kg/ sq. cm.
= l4.4o6 p.s.i.
1 kilo bar = 1000 bars
(kb)
1 poise = 1 gm./cm. sec.
1 cp. = 0.672 X 10  ^lbs./ft. sec.
= 1/1488 lbs./ft. sec.
= 2.42 lbs./ft. hrs.
= 0.001 kg./meter.sec.
1 Stoke = 1 sq. cm./sec.
II. For the convenience of the future workers the sequence
of operation of the electronic counter by the make and break R-C cir­
cuit is given in the following page.
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Make and 
Break arr­
angement. '
To counter Stop 
or Start vith 
Stop/Start in 
common position
Source
Resistor
Earth
9V
0 Volts
*---  t
+9V
-9V
Stop
Start Control Set to 
+ Slope 
- 8 Volts
B
Start
Stop Control Set to 
- Slope 
+ 8 Volts
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III. The original experimental data is available on computer
cards from the Department of Chemical Engineering, University of Windsor, 
Windsor, Ontario, Canada.
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